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A B S T R A C T
Waterborne polyurethane-urea (WBPUU) dispersions have gained attention towards environmentally-friendly
synthesis routes. Diﬀering from the conventional WBPUU synthesis route where the diamine chain extension is
performed in heterogeneous medium in the surface of the already formed particles, in this case the chain ex-
tension was carried out in homogeneous medium, prior to WBPUU nanoparticles formation. Thus, stable WBPUU
dispersion with small particle sizes and narrow distribution was synthesized. Furthermore, cellulose nanocrystals
(CNC) were isolated for the preparation of eco-friendly nanocomposites just by mixing. Nanocomposites with
diﬀerent CNC contents were prepared and extensively characterized in terms of physicochemical, thermal,
thermomechanical and mechanical properties, hydrophilic behavior and morphology.
1. Introduction
The use of polyurethane-ureas family is widely extended due to
their versatility for a broad range of applications [1,2]. Polyurethane-
ureas are composed by two segments: the soft segment (SS), a macro-
diol which generally provides ﬂexibility to the material and the hard
segment (HS), formed by the isocyanate and amine type chain extender,
conferring stiﬀness to the system [3]. Conventional polyurethane-ureas
result hydrophobic systems which can be dissolved in organic solvents.
However, the environmental awareness has promoted the research to-
wards eco-friendly materials [4], such as waterborne systems. In this
way, by the incorporation of reactants containing ionizable groups
covalently bonded to the polymeric chain [5], water dispersible poly-
urethane-urea systems can be synthesized. Thereby, by the addition of
water, polyurethane-urea chains arrange in nanoparticles structure,
resulting in waterborne polyurethane-urea (WBPUU) dispersions.
Therefore, WBPUU have gained attention due to the green character of
their synthesis route, reducing the generation of volatile organic com-
pounds. Furthermore, considering that WBPUU dispersions results
stable over months, become them suitable for their use in a wide variety
of applications, such as paintings, textile, coatings, inks, medicine,
adhesives … [6–11]. Attending to the polyurethane-urea synthesis
process, diamine chain extension step can be carried out either in
homogeneous medium, before the water addition step or in hetero-
geneous medium, after the water addition step, once nanoparticles have
been formed. Considering the fast reaction rate of diamine with NCO,
the chain extension step is usually performed after the phase inversion
[12], in heterogeneous medium. Thus, diamine can react with free NCO
in the surface of the formed particles [13]. Nevertheless, the possibility
of carrying out the diamine chain extension also in homogeneous
medium, previous to the dispersion formation step, favors the forma-
tion of more uniform WBPUU nanoparticles, resulting in more stable
dispersions, as reported in previous works [14]. This factor is essential
for their later use, for example in the preparation of nanocomposites
just by mixing. In this way, it is worth noting the advantage of using
waterborne systems, which facilitate the incorporation of hydrophilic
water dispersible entities in order to enhance the ﬁnal properties of the
material. Among others, eco-friendly cellulose derived reinforcements
have gained attention due to their renewability, availability, low cost,
biodegradability and biocompatibility [15]. Cellulose is the most
abundant biopolymer which can be obtained from diﬀerent sources like
plants, agroindustrial residues or bacteria [16–18]. It oﬀers the possi-
bility of being used in diﬀerent forms such as ﬁbers or crystals from the
nano to macroscale [19]. In this way, cellulose nanocrystals (CNC) have
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focused interest in the ﬁeld of nanocomposites considering their ele-
vated length/diameter (L/D) aspect ratio and unique speciﬁc mechan-
ical properties in the nanoscale dimension [20]. Furthermore, the ﬁnal
properties of the obtained CNC can be tailored attending to the origin of
the raw material [21] as well as to the isolation process [22]. The use of
sulfuric acid (H2SO4) for the isolation process favors the anchoring of
sulfate groups in CNC surface, which facilitate their dispersibility in
water. This fact becomes CNC suitable nanoreinforcement for their in-
corporation to waterborne polyurethane-ureas without needing che-
mical modiﬁcations or addition of surfactants [23,24].
Therefore, in this work WBPUU was synthesized with diamine chain
extension in homogeneous medium, and CNC were isolated for the
preparation of WBPUU-CNC nanocomposites loaded with diﬀerent CNC
contents (from 0.5 to 5 wt%). Nanocomposites ﬁlms were prepared by
casting and characterized from the viewpoint of physicochemical,
thermal, mechanical, thermomechanical and hydrophylicity properties
as well as morphology. A comprehensive study was carried out focusing
on the eﬀect of CNC content in the ﬁnal properties of nanocomposite
ﬁlms.
2. Experimental
2.1. Materials
The synthesis of waterborne polyurethane-urea was carried out
using poly(ε-caprolactone) diol (PCL) (M w = 2000 g mol−1), provided
by Solvay, as soft segment. Hard segment was composed by isophorone
diisocyanate (IPDI), provided by Bayer, 1,4-butanediol (BD), supplied
by Fluka, and ethylenediamine (EDA) purchased from Panreac as chain
extenders. 2,2-Bis(hydroxymethyl)propionic acid (DMPA), purchased
from Fluka, was used as internal emulsiﬁer and in order to neutralize
the ionic groups of DMPA, triethylamine (TEA), provided by Fluka, was
employed. Prior to their use, PCL, BD and DMPA were dried under
vacuum at 60 °C. Dry acetone, purchased from Panreac, was employed
as viscosity adjuster and dibutyltin dilaurate (DBTDL), supplied by
Fluka was selected as catalyst. Both were used without further pur-
iﬁcation. Microcrystalline cellulose (MCC) powder, provided by
Aldrich, was employed for the isolation of cellulose nanocrystals using
sulfuric acid (H2SO4), supplied by Panreac.
2.2. Synthesis of waterborne polyurethane and polyurethane-ureas
WBPUU was synthesized by two-step polymerization process with a
PCL/IPDI/DMPA/BD/EDA molar composition of 0.5/3.6/0.5/2/0.6. In
this way, considering PCL as soft segment and IPDI, DMPA, BD and EDA
as hard segment, a WBPUU with a high hard segment content (52 wt%)
was synthesized following previously reported protocol [14]. The re-
action was carried out under nitrogen atmosphere in controlled con-
ditions and the reaction progress was veriﬁed by dibutylamine back
titration method according to ASTM D 2572–97. Brieﬂy, PCL, IPDI and
0.037 wt% of DBTDL were mixed and reacted at 80 °C and allowed to
react until the NCO theoretical value was reached. The mixture was
cooled to 50 °C and, with the purpose of incorporating the ionic groups
neutralized, DMPA and TEA were incorporated dissolved in a small
amount of dry acetone. Afterwards, the pre-polymer was heated to
80 °C and the diol chain extension with BD was carried out. Then, the
system was cooled to 45 °C (controlling the viscosity with dry acetone)
and the diamine chain extension was carried out in homogeneous
medium. EDA dissolved in 30 mL of dry acetone was added at a ﬂow
rate of 0.5 mL min−1. Finally, in the phase inversion step, distilled
water was added dropwise at 25 °C with a ﬂow rate of 0.5 mL min−1
and after removing acetone in a rotary evaporator (at 40 °C and
350 mbar), WBPUU dispersion with a solids content about 35 wt% was
obtained. A schematic representation of the chain extension in homo-
geneous medium as well as dispersion process is shown in Fig. 1a.
2.3. Isolation of cellulose nanocrystals
CNC were isolated from MCC via acid hydrolysis using H2SO4, re-
moving the amorphous regions of MCC using a previously reported
method [25]. Brieﬂy, MCC was mixed with 64 wt% of H2SO4 at 45 °C
for 30 min. The suspension was diluted with deionized water in order to
stop the process, and washed by two successive centrifugation cycles of
20 min at 4500 rpm. Afterwards, the suspension was dialyzed against
deionized water obtaining a ﬁnal CNC suspension with around 0.5 wt%
solids content and pH about 5–6. Fig. 1b shows a scheme of CNC iso-
lation process.
2.4. WBPUU-CNC nanocomposites preparation
WBPUU-CNC nanocomposites containing from 0.5 to 5 wt% of CNC
were prepared by casting. Previously to the preparation of nano-
composites, CNC suspension (0.5 wt%) was sonicated for 1 h and dif-
ferent volumes were added to 9 mL of the previously synthesized
WBPUU. With the purpose of maintaining constant the total volume of
the nanocomposite dispersions, the required amount of deionized water
was added in each case. The obtained dispersions were sonicated for
another 1 h and were casted in Teﬂon moulds and dried in a climatic
chamber under controlled conditions (25 °C and 50% of relative hu-
midity) during 1 week. Then, nanocomposite ﬁlms were dried in a
vacuum oven for 3 further days at 25 °C at 800, 600 and 400 mbar,
respectively. Films were stored in a desiccator for 1 week previous their
characterization. Nanocomposites containing 0.5, 1, 3 and 5 wt% of
CNC were coded as WBPUU-X, where X is referred to CNC content (0.5,
1, 3 and 5, respectively). Furthermore, the matrix was also prepared as
a reference in the same conditions, denoted as WBPUU. A scheme of
nanocomposites preparation is shown in Fig. 1c.
2.5. Characterization
WBPUU dispersion particle size and distribution was analyzed by
dynamic light scattering (DLS) using a BI-200SM goniometer from
Brookhaven. A detector (BI-APD) placed in a rotary arm was employed
for measuring the intensity of the dispersed light at 90°. It was used a
luminous source of He-Ne laser (Mini L-30, wavelength λ = 637 nm,
400 mW). Samples were prepared diluting small amount of the WBPUU
dispersion with ultrapure water and averaging 3 measurements at
25 °C.
The sulfate content anchored to the surface of CNC was determined
by conductometric titration, using a Crison EC-Meter GLP 31 con-
ductometer calibrated with 147 μS cm−1, 1413 μS cm−1 and
12.88 mS cm−1 standards. Samples were measured in triplicate at 25 °C
using NaOH and HCl 10 mM for the titration. The concentration of
sulfate groups was also determined by elemental analysis in a Euro
EA3000 Elemental Analyzer of Eurovector. Samples were measured by
SCAB.PE.29.PR.10.02 method in solid state.
CNC, WBPUU and nanocomposites characteristic functional groups
were analyzed by Fourier transform infrared spectroscopy (FTIR).
Spectra were carried out using a Nicolet Nexus spectrometer provided
with a MKII Golden Gate accessory (Specac) with diamond crystal at a
nominal incidence angle of 45° and ZnSe lens. Spectra were recorded
averaging 64 scans with a resolution of 8 cm−1, in the range from 4000
to 650 cm−1.
Thermal analysis of WBPUU and nanocomposites was performed by
diﬀerential scanning calorimetry (DSC) in a Mettler Toledo 822e. It was
equipped with a robotic arm and an electric intracooler as refrigerator
unit. Between 5 and 10 mg of samples were analyzed under nitrogen
atmosphere in aluminum pans, by heating from−70 to 180 °C at a ﬂow
rate of 40 °C min−1. In thermograms, glass transition temperature (Tg)
was referred to the inﬂection point of the heat capacity, whereas the
melting temperature (Tm) was established as the maximum of en-
dorthermic peak considering the area under the peak as the melting
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enthalpy (ΔHm).
Mechanical tests in tensile mode were carried out in a MTS insight
10 testing machine using a 250 N load cell and pneumatic grips.
Samples (8 mm in length, 2.5 mm in width and 0.4 mm in thickness)
were tested at a crosshead speed of 50 mm min−1. Five samples were
averaged at room temperature obtaining tensile modulus (E), stress at
yield (σy), stress at break (σb) and strain at break (εb) values from stress-
strain curves.
Surface hydrophylicity of WBPUU and nanocomposites was ana-
lyzed by static water contact angle (WCA) measurements using a
Dataphysics OCA20 equipment. Samples were analyzed dropping 2 μL
deionized water over ﬁlms surface at room temperature, averaging 6
measurements for each specimen.
The behavior of WBPUU and nanocomposite ﬁlms immersed in
water was studied by water absorption (WA) measurements. Around
15–20 mg of ﬁlms with a thickness about 0.4 mm were immersed in
water at 25 °C and weighed over time until no considerable weight
changes were observed. Thereby, water absorption percentage was
determined by means of the equation:
=
−WA W W
W
(%) ·100t 0
0
where Wt and W0 were the weights at time t and at initial time, re-
spectively.
The morphology of WBPUU and nanocomposites was analyzed by
atomic force microscopy (AFM) in tapping mode using a Nanoscope IIIa
scanning probe microscope (Multimode™ Digital instruments) with an
integrated force generated by cantilever/silicon probes, applying a re-
sonance frequency of about 180 kHz. The cantilever had a tip radius of
5–10 nm and was 125 μm long. Samples were prepared by spin-coating
a droplet of the dispersions on glass supports.
3. Results and discussion
3.1. Polyurethane-urea and CNC dispersions characterization
Particle size and distribution of WBPUU dispersion analyzed by DLS
are shown in Fig. 2. It was observed that particles in the nanometric
scale were obtained with a dimension of 153 ± 1 nm. Furthermore
analyzing Fig. 2a, it was observed that a narrow distribution was
Fig. 1. A schematic representation of WBPUU
synthesis process, b) CNC isolation process
scheme and c) nanocomposites preparation
scheme.
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obtained, which promotes the stability of the dispersion, enabling sto-
rage for months [26]. Fig. 2b and c shows WBPUU dispersion after the
synthesis process and after 6 months of storage, respectively, where it
can be observed that the dispersion remained visually stable over time.
Regarding the reinforcement, the hydrolysis process with H2SO4
promotes the anchoring of some sulfate groups to the CNC surface,
which induces to electrostatic repulsion forces between CNC, facil-
itating their dispersibility in polar solvents. In this way, the sulfate
content anchored to the surface of CNC during the hydrolysis process
was determined by conductometric titration, resulting in a value of
0.73%. The result was corroborated by elemental analysis, where a
sulfur content of 0.70% was obtained. In addition, CNC morphology
was analyzed by AFM and height and phase images are shown in Fig. 2d
and e, respectively. It was observed that CNC were isolated and pre-
sented a rod-like morphology. The length/diameter (L/D) aspect ratio
of the CNC was determined by averaging 100 CNC entities. The length
of the CNC were determined in the height proﬁle of the image, resulting
in a value of 167 ± 101 nm. In the case of the diameter, it was de-
termined in AFM height image, obtaining a value of 5.6 ± 1.5 nm.
Thereby, an L/D aspect ratio of 30 was obtained.
3.2. Polyurethane-urea ﬁlms characterization
CNC, WBPUU and nanocomposites characteristic functional groups
were analyzed by FTIR and the spectra are shown in Fig. 3a. WBPUU
spectra presented two main regions: between 3600 and 3100 cm−1, the
peak related with the N-H groups of urethane and urea groups
stretching vibration was observed, whereas in the region from 1800 to
1600 cm−1, amide I region, the peak attributable to carbonyl (C=O)
groups stretching vibration was appreciated [27]. Furthermore, CNC
showed two peaks at 3332 and 3287 cm−1, attributable to the hydroxyl
(O-H) groups of CNC [28]. Nanocomposites FTIR spectra showed a
progressive increase in the N-H stretching vibration region of the
WBPUU, which became sharper with CNC addition due to the over-
lapping with the O-H groups peak of CNC in that region. In amide I
region, displayed in the inset of Fig. 3a, between 1800 and 1600 cm−1,
nanocomposites also showed a characteristic band related with the
carbonyl groups of PCL, urethane and urea groups which shifted to
diﬀerent wavenumbers depending the nature and interactions ability of
C=O groups [29]. It was observed that the addition of CNC promoted
that the peak about 1720 cm−1 observed in WBPUU shifted to higher
wavenumbers, whereas the shoulder at 1700 cm−1 was broaden to
lower wavenumbers.
Thermal and thermomechanical behavior of WBPUU matrix and
nanocomposites ﬁlms was analyzed by DSC and DMA. DSC thermo-
grams are shown in Fig. 3b. Polyurethane-ureas can be considered as
block copolymers, presenting diﬀerent transitions in relation to the soft
and hard segments [25,30,31]. Usually transitions at low temperatures
are associated to soft segment domains, whereas transitions at higher
temperatures are related to hard segment domains [32]. In both cases,
soft and hard segments can be arranged in amorphous or ordered do-
mains [33]. In this case, soft segment glass transition temperature, and
hard segment melting temperature and enthalpy obtained from ther-
mograms are shown in Table 1. Regarding soft segment, it was observed
that in general, CNC addition conferred greater mobility to amorphous
soft segment domains, resulting in lower TgSS values [34]. Otherwise,
about 70 °C, WBPUU and nanocomposites showed an endothermic
transition which can be related with the short range order of the hard
segment [35]. With the purpose of analyzing the transition, the relative
hard segment crystallinity of nanocomposites (χcHS) with respect to the
neat WBPUU was determined. In this way, it was possible to analyze in
more detail HS behavior in each nanocomposite. Thus, χcHS was
Fig. 2. a) Particle size and distribution of WBPUU dispersion, b) and c) images of WBPUU dispersion after the synthesis process and after 6 months, respectively. AFM d) height and e)
phase images of isolated CNC (size: 3 × 3 μm2).
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calculated by means of the following Equation [36]:
=
Δ
Δ
χ H
ω· HcHS
mHS
100
where ΔH100 is referred to the melting enthalpy of the neat WBPUU, ω
the weight fraction of WBPUU in the nanocomposite and ΔHmHS the
melting enthalpy of the corresponding nanocomposite. It has to be
worth noting that CNC addition provided higher TmHS values com-
paring with the matrix, indicating that CNC acted as nucleating agent
[27,37]. At low CNC content (0.5 wt%) it was observed that CNC could
act as nucleating points, resulting in higher TmHS and enthalpy, ob-
taining thus slightly higher relative hard segment crystallinity. At
higher CNC content, despite nanocomposites presented higher TmHS
values than the matrix, ΔHmHS tended to decrease, which could be at-
tributed to the hindrance generated by the higher ordered domains.
The thermomechanical behavior of WBPUU matrix and
Fig. 3. a) FTIR spectra of CNC, matrix and nanocomposites. b) DSC thermograms, c) storage modulus and Tanδ curves and d) stress-strain curves of WBPUU matrix and nanocomposites.
Table 1
Thermal properties of WBPUU matrix and nanocomposites.
Sample TgSS
(°C)
TmHS
(°C)
ΔHmHS
(J g−1)
χcHS
WBPUU −43.7 68.7 6.5 1
WBPUU-0.5 −46.4 71.4 7.0 1.08
WBPUU-1 −45.7 72.1 5.7 0.89
WBPUU-3 −47.1 73.4 6.5 1.03
WBPUU-5 −45.7 72.7 5.8 0.94
Table 2
Mechanical properties of WBPUU matrix and nanocomposites.
Sample σy
(MPa)
σb
(MPa)
E
(MPa)
εb
(%)
WBPUU 10.6 ± 0.6 16.9 ± 1.5 169.3 ± 5.0 389 ± 20
WBPUU-0.5 10.2 ± 1.1 16.0 ± 1.9 186.9 ± 24.8 377 ± 23
WBPUU-1 11.5 ± 0.6 16.0 ± 1.2 194.5 ± 19.9 334 ± 9
WBPUU-3 11.3 ± 0.8 15.5 ± 1.0 218.8 ± 14.7 333 ± 53
WBPUU-5 13.4 ± 0.3 15.5 ± 0.7 317.4 ± 26.0 189 ± 37
Fig. 4. Water absorption percentages over time of WBPUU matrix and nanocomposite
ﬁlms.
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nanocomposite ﬁlms was studied by DMA, analyzing the evolution of
storage modulus and Tanδ with increasing temperature, as is shown in
Fig. 3c. It was observed that in the glassy state all samples showed
similar E′ values, although slightly higher values were reached in the
case of high CNC contents (3 and 5 wt%). At higher temperatures, in the
range between −50 and −30 °C, a drop in E′ curves was observed
associated to the TgSS of ﬁlms. This transition was also reﬂected as a
peak in Tanδ curves. It was observed that the peak resulted broader and
less intense at high CNC contents, where the inﬂuence of CNC in the
restriction of WBPUU chains mobility would be more notable [38–41].
As temperature was increased, at low CNC contents (0.5 and 1 wt%),
lower E′ values were observed in both cases comparing with the matrix.
This fact could be ascribed to the low CNC content and the way of
interfering in the WBPUU neat interactions. Nevertheless, it is worth
noting that the thermomechanical stability of WBPUU-1 nanocomposite
was slightly enhanced. For nanocomposites loaded with 3 and 5 wt% of
CNC, E′ curves showed higher values comparing with the matrix, at-
tributed to the eﬀective reinforcement eﬀect of CNC, providing more
interactions with the matrix, as observed by FTIR, and conferring
higher rigidity to the nanocomposites [42]. Furthermore, the second
drop in E′ curves referred to melting of the short range order of hard
segment domains was signiﬁcantly retarded denoting the higher ther-
momechanical stability of nanocomposites conferred by CNC in-
corporation [43].
Fig. 5. AFM a) height (left) and phase (right)
images of WBPUU matrix and nanocomposites
(size: 5 × 5 μm2) and b) ampliﬁcation of phase
images (size: 1 × 1 μm2).
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Mechanical behavior of WBPUU matrix and nanocomposites is
shown by stress-strain curves in Fig. 3d. Furthermore, stress at yield,
stress at break, tensile modulus and strain at break values of WBPUU
matrix and nanocomposite ﬁlms obtained from the stress-strain curves
are summarized in Table 2. It was observed that CNC contributed to the
increase of E maintaining σy, σb and εb values similar to those of the
matrix in the case of nanocomposites loaded up to 3 wt% of CNC. This
fact was related with the eﬀective CNC reinforcement eﬀect [44], re-
sulting in stiﬀer ﬁlms. At 5 wt% of CNC content, εb was considerably
reduced due to the restriction of WBPUU chains mobility by CNC ad-
dition [34]. Moreover, the percolation threshold in the nanocomposite
was estimated theoretically as previously reported in literature [45]
and the value was determined at about 3.2 wt%, which is in accordance
with the results obtained in those nanocomposites. Cao et al. [44] ob-
served that at higher CNC loading than percolation threshold value, the
strain at break decreased considerably, in agreement with the trend
observed in this work. Thereby, at the highest CNC content in this work,
a percolated CNC network is expected to be formed, which would re-
duce the strain at break of the nanocomposite.
The hydrophilicity of WBPUU matrix and nanocomposite ﬁlms was
analyzed by static water contact angle measurements and water ab-
sorption measurements. Concerning contact angle measurements, 90° is
the reference value, which diﬀers the hydrophobic (> 90°) or hydro-
philic (< 90°) character of ﬁlms surface [29]. WBPUU matrix showed a
moderate hydrophilic character showing a value around 79.1 ± 0.7°.
In the case of nanocomposites, although WCA values did not varied
signiﬁcantly, the incorporation of CNC contributed to a slightly more
hydrophilic character of the ﬁlms (78.9 ± 1.4, 79.9 ± 0.2,
77.8 ± 0.6 and 76.8 ± 0.8° for WBPUU-0.5, WBPUU-1, WBPUU-3
and WBPUU-5, respectively) [46]. Furthermore, the similar deviation
values (1-2°) observed in the nanocomposites, suggested the homo-
geneous surface of ﬁlms.
In order to analyze the hydrophilic behavior of WBPUU matrix and
nanocomposites immersed in water, water absorption measurements at
25 °C were carried out, and results are shown in Fig. 4. Analyzing the
results, in general diﬀerent behaviors were observed attending to CNC
content at low and high water absorption times. In the case of low CNC
contents (0.5 wt%), it was observed an analogous to matrix water ab-
sorption behavior, showing a similar water absorption curve but greater
absorption capacity due to the hydrophilic character of CNC [47]. At
higher CNC content, the water absorption behavior changed, where it
was appreciated an overshoot in water absorption percentages at low
times. In this case, interactions between CNC and water could weaken
their bonding with the matrix, allowing the release of swollen CNC to
the medium, contributing to the observed weight decrease.
The morphology of WBPUU and the dispersion of CNC in the na-
nocomposites were analyzed by AFM. Fig. 5a shows the height and
phase images of 5 × 5 μm2 of nanocomposites. AFM images showed
WBPUU matrix morphology, where bright and dark regions were ap-
preciated, related to the hard and soft domains, being indicative of the
existence of a microphase separated morphology [48]. Furthermore, it
was observed that CNC incorporation hardly varied the morphology of
the matrix. In order to discern CNC more accurately, Fig. 5b shows AFM
phase images of 1 × 1 μm2 of nanocomposites, where the presence of
greater quantity of CNC was appreciated as CNC content was increased.
Moreover, it is worth noting that CNC showed a suitable dispersion,
being homogeneously distributed in the matrix [49]. In this way, AFM
images supported the idea that the creation of WBPUU-CNC interac-
tions was facilitated as it was observed in FTIR and DSC results. In
addition, as it can be seen in Fig. 5b, CNC seemed to be surrounded by
WBPUU, which could be the responsible of the little variation in the
hydrophilicity of nanocomposites ﬁlms surface, reﬂected in the similar
WCA values.
4. Conclusions
In this work, a WBPUU was synthesized where the diamine chain
extension step was performed in homogeneous medium, prior to dis-
persion formation, leading to small particle sizes with a narrow dis-
tribution, which favors the stability over months. Based on the WBPUU
dispersion, a series of nanocomposites loaded with diﬀerent CNC con-
tents (from 0.5 to 5 wt%) were prepared by casting. The morphological
analysis by AFM corroborated the eﬀective dispersion of CNC in the
matrix, which favored the creation of WBPUU-CNC interactions as ob-
served by FTIR and DSC. Furthermore, thermal analysis revealed that
CNC presented the capacity of acting as nucleating agents, providing
greater mobility to chains, reﬂected in lower TgSS comparing with the
matrix and increasing TmHS. In addition, an enhancement in the ther-
momechanical stability was observed, especially in nanocomposites
with high CNC content (3 and 5 wt%). In general, the eﬀective CNC
incorporation resulted in stiﬀer ﬁlms, showing an increase in E and σy,
maintaining high εb values, except for the highest CNC content.
Regarding hydrophilicity of ﬁlms, slight diﬀerences were appreciated in
WCA values, indicating the similar surface hydrophilicity of the nano-
composites. Nevertheless, more meaningful variations were appreciated
in water absorption measurements, where the increase in CNC content
favored water molecules diﬀusion process through the ﬁlm.
Acknowledgments
Financial support from the Basque Government (IT-776-13), the
Spanish Ministry of Economy and Competitiveness (MINECO)
(MAT2013-43076-R and MAT2016-76294-R), POCI-01-0145-FEDER-
006984 (LA LSRE-LCM) funded by ERDF through POCI-COMPETE2020
and FCT and NORTE-01-0145-FEDER-000006, funded by NORTE 2020,
under PT2020 through ERDF is gratefully acknowledged. We also wish
to acknowledge the “Macrobehaviour-Mesostructure-Nanotechnology”
SGIker units from the University of the Basque Country, for their
technical support. A.S-E thanks the University of the Basque Country for
Ph.D. grant (PIF/UPV/12/201).
References
[1] Bandyopadhyay P, Nguyen TT, Li X, Kim NH, Lee JH. Enhanced hydrogen gas
barrier performance of diaminoalkane functionalized stitched graphene oxide/
polyurethane composites. Compos Part B Eng 2017;117:101–10.
[2] Pearson A, Naguib HE. Novel polyurethane elastomeric composites reinforced with
alumina, aramid, and poly(p-phenylene-2,6-benzobisoxazole) short ﬁbers, devel-
opment and characterization of the thermal and dynamic mechanical properties.
Compos Part B Eng 2017;122:192–201.
[3] Klinedinst DB, Yilgör E, Yilgör I, Beyer FL, Wilkes GL. Structure-property behavior
of segmented polyurethaneurea copolymers based on an ethylene-butylene soft
segment. Polymer 2005;46:10191–201.
[4] Espinach FX, Granda LA, Tarrés Q, Duran J, Fullana-i-Palmer P, Mutjé P.
Mechanical and micromechanical tensile strength of eucalyptus bleached ﬁbers
reinforced polyoxymethylene composites. Compos Part B Eng 2017;116:333–9.
[5] Daemi H, Barikani M, Barmar M. Compatible compositions based on aqueous
polyurethane dispersions and sodium alginate. Carbohydr Polym 2013;92:490–6.
http://dx.doi.org/10.1016/j.carbpol.2012.09.046.
[6] Wang Z, Hou Z, Wang Y. Fluorinated waterborne shape Memory polyurethane urea
for potential medical implant application. J Appl Polym Sci 2013;127:710–6.
[7] Kim EY, Lee JH, Lee DJ, Lee YH, Lee JH, Kim H Do. Synthesis and properties of
highly hydrophilic waterborne polyurethane-ureas containing various hardener
content for waterproof breathable fabrics. J Appl Polym Sci 2013;129:1745–51.
[8] Pérez-Limiñana MA, Arán-Aís F, Torró-Palau AM, Orgilés-Barcel C, Martín-Martínez
JM. Inﬂuence of the hard-to-soft segment ratio on the adhesion of water-borne
polyurethane adhesive. J Adhes Sci Technol 2007;21:755–73.
[9] Lei L, Zhong L, Lin X, Li Y, Xia Z. Synthesis and characterization of waterborne
polyurethane dispersions with diﬀerent chain extenders for potential application in
waterborne ink. Chem Eng J 2014;253:518–25.
[10] Liao M, Yang Y, Hamada H. Mechanical performance of glass woven fabric com-
posite: eﬀect of diﬀerent surface treatment agents. Compos Part B Eng
2016;86:17–26.
[11] Wu Q, Hu J. Waterborne polyurethane based thermoelectric composites and their
application potential in wearable thermoelectric textiles. Compos Part B Eng
2016;107:59–66.
[12] Delpech MC, Coutinho FMB. Waterborne anionic polyurethanes and poly(urethane-
urea)s: inﬂuence of the chain extender on mechanical and adhesive properties.
A. Santamaria-Echart et al. Composites Part B 137 (2018) 31–38
37
Polym Test 2000;19:939–52.
[13] Jhon YK, Cheong IW, Kim JH. Chain extension study of aqueous polyurethane
dispersions. Colloids Surface A Physicochem Asp 2001;179:71–8.
[14] Santamaria-Echart A, Fernandes I, Saralegi A, Costa MRPFN, Barreiro F, Corcuera
MA, et al. Synthesis of waterborne polyurethane-urea dispersions with chain ex-
tension step in homogeneous and heterogeneous media. J Colloid Interface Sci
2016;476:184–92.
[15] Trache D, Hussin MH, Hui Chuin CT, Sabar S, Fazita MRN, Taiwo OFA, et al.
Microcrystalline cellulose: isolation, characterization and bio-composites applica-
tion - a review. Int J Biol Macromol 2016;93:789–804.
[16] Mondragon G, Fernandes S, Retegi A, Peña C, Algar I, Eceiza A, et al. A common
strategy to extracting cellulose nanoentities from diﬀerent plants. Ind Crops Prod
2014;55:140–8.
[17] Algar I, Fernandes SCM, Mondragon G, Castro C, Garcia-Astrain C, Gabilondo N,
et al. Pineapple agroindustrial residues for the production of high value bacterial
cellulose with diﬀerent morphologies. J Appl Polym Sci 2015;132:41237/1–8.
[18] Awadhiya A, Kumar D, Rathore K, Fatma B, Verma V. Synthesis and characteriza-
tion of agarose-bacterial cellulose biodegradable composites. Polym Bull 2016.
http://dx.doi.org/10.1007/s00289-016-1872-3.
[19] Miao C, Hamad WY. Cellulose reinforced polymer composites and nanocomposites:
a critical review. Cellulose 2013;20:2221–62.
[20] Samir MASA, Alloin F, Dufresne A. Review of recent research into cellulosic
whiskers, their properties and their application in nanocomposite ﬁeld.
Biomacromolecules 2005;6:612–26.
[21] Otto GP, Moisés MP, Carvalho G, Rinaldi WA, Garcia JC, Radovanovis E, et al.
Mechanical properties of a polyurethane hybrid composite with natural lig-
nocellulosic ﬁbers. Compos Part B Eng 2017;110:459–65.
[22] Habibi Y, Lucia LA, Rojas OJ. Cellulose nanocrystals: chemistry, self-assembly, and
applications. Chem Rev 2010;110:3479–500.
[23] Eichhorn SJ. Cellulose nanowhiskers: promising materials for advanced applica-
tions. Soft Matter 2011;7:303–15.
[24] Nechyporchuk O, Pignon F, Botelho Do Rego AM, Belgacem MN. Inﬂuence of ionic
interactions between nano ﬁbrillated cellulose and latex on the ensuing composite
properties. Compos Part B Eng 2016;85:188–95.
[25] Saralegi A, Rueda L, Martin L, Arbelaiz A, Eceiza A, Corcuera MA. From elastomeric
to rigid polyurethane/cellulose nanocrystal bionanocomposites. Compos Sci
Technol 2013;88:39–47.
[26] Chattopadhyay DK, Raju KVSN. Structural engineering of polyurethane coatings for
high performance applications. Prog Polym Sci 2007;32:352–418.
[27] Gao Z, Peng J, Zhong T, Sun J, Wang X, Yue C. Biocompatible elastomer of wa-
terborne polyurethane based on castor oil and polyethylene glycol with cellulose
nanocrystals. Carbohydr Polym 2012;87:2068–75.
[28] Wu T, Frydrych M, O'Kelly K, Chen B. Poly(glycerol sebacate urethane)-cellulose
nanocomposites with water-active shape-memory eﬀects. Biomacromolecules
2014;15:2663–71.
[29] Yilgör I, Yilgör E, Wilkes GL. Critical parameters in designing segmented poly-
urethanes and their eﬀect on morphology and properties: a comprehensive review.
Polymer 2015;58:A1–36.
[30] Velankar S, Cooper SL. Microphase separation and rheological properties of poly-
urethane meals. 2. Eﬀect of block incompatibility on the microstructure.
Macromolecules 2000;33:382–94.
[31] Bajsic EG, ReK V, Sendijarevic A, Sendijarevic V, Frisch KC. DSC study on
morphological changes in segmented polyurethane elastomers. J Elastomers Plast
2000;32:162–82.
[32] Hu W, Patil NV, Hsieh AJ. Glass transition of soft segments in phase-mixed poly
(urethane urea) elastomers by time-domain 1H and 13C solid-state NMR. Polymer
2016;100:149–57.
[33] Saiani A, Novak A, Rodier L, Eeckhaut G, Leenslag JW, Higgins JS. Origin of
multiple melting endotherms in a high hard block content polyurethane: eﬀect of
annealing temperature. Macromolecules 2004;40:7252–62.
[34] Liu H, Cui S, Shang S, Wang D, Song J. Properties of rosin-based waterborne
polyurethanes/cellulose nanocrystals composites. Carbohydr Polym
2013;96:510–5.
[35] Fang C, Zhou X, Yu Q, Liu S, Guo D, Yu R, et al. Synthesis and characterization of
low crystalline waterborne polyurethane for potential application in water-based
ink binder. Prog Org Coatings 2014;77:61–71.
[36] Wunderlich B. Thermal analysis of polymeric materials. Berlin Heidelberg:
Springer; 2005.
[37] Liu JC, Martin DJ, Moon RJ, Youngblood JP. Enhanced thermal stability of bio-
medical thermoplastic polyurethane with the addition of cellulose nanocrystals. J
Appl Polym Sci 2015;132:41970/1–8.
[38] Park SH, Oh KW, Kim SH. Reinforcement eﬀect of cellulose nanowhisker on bio-
based polyurethane. Compos Sci Technol 2013;86:82–8.
[39] Auad ML, Contos VS, Nutt S, Aranguren MI, Marcovich NE. Characterization of
nanocellulose-reinforced shape memory polyurethanes. Polym Int 2008;57:651–9.
[40] Ly B, Thielemans W, Dufresne A, Chaussy D, Belgacem MN. Surface functionali-
zation of cellulose ﬁbres and their incorporation in renewable polymeric matrices.
Compos Sci Technol 2008;68:3193–201.
[41] Rueda L, Fernández d'Arlas B, Zhou Q, Berglund LA, Corcuera MA, Mondragon I,
et al. Isocyanate-rich cellulose nanocrystals and their selective insertion in elasto-
meric polyurethane. Compos Sci Technol 2011;71:1953–60.
[42] Rueda L, Saralegui A, Fernández B, Zhou Q, Berglund LA, Corcuera MA, et al.
Cellulose nanocrystals/polyurethane nanocomposites. Study from the viewpoint of
microphase separated structure. Carbohydr Polym 2013;92:751–7.
[43] Auad ML, Mosiewicki MA, Richardson T, Aranguren MI, Marcovich NE.
Nanocomposites made from cellulose nanocrystals and tailored segmented poly-
urethanes. J Appl Polym Sci 2010;115:1215–25.
[44] Cao X, Dong H, Li CM. New nanocomposite materials reinforced with ﬂax cellulose
nanocrystals in waterborne polyurethane. Biomacromolecules 2007;8:899–904.
[45] Santamaria-Echart A, Ugarte L, García-Astrain C, Arbelaiz A, Corcuera MA, Eceiza
A. Cellulose nanocrystals reinforced environmentally-friendly waterborne poly-
urethane nanocomposites. Carbohydr Polym 2016;151:1203–9.
[46] Ashori A, Babaee M, Jonoobi M, Hamzeh Y. Solvent-free acetylation of cellulose
nanoﬁbers for improving compatibility and dispersion. Carbohydr Polym
2014;102:369–75.
[47] Hubbe MA, Gardner DJ, Shen W. Contact angles and wettability of cellulosic
surfaces:A review of proposed mechanisms and test strategies. Bioresources
2015;10:8657–749.
[48] Das S, Pandey P, Mohanty S, Nayak SK. Inﬂuence of NCO-OH and trans esteriﬁed
castor oil on the structure and properties of polyurethane Synthesis and char-
acterization. Mater Express 2015;5:377–89.
[49] Liu H, Song J, Shang S, Song Z, Wang D. Cellulose nanocrystal/silver nanoparticle
composites as bifunctional nanoﬁllers within waterborne polyurethane. ACS Appl
Mater Interfaces 2012;4:2413–9.
A. Santamaria-Echart et al. Composites Part B 137 (2018) 31–38
38
